In preclinical models, IL-1β inhibition could enhance the efficacy of fluorouracil (5-FU). In this phase 2 study, we assessed the activity and safety of 5-FU plus bevacizumab and anakinra (an IL-1β and α inhibitor) in patients with metastatic colorectal (mCRC) refractory to chemotherapy and anti-angiogenic therapy.
Introduction
Colorectal cancer (CRC) is the second most commonly diagnosed cancer in Europe and a leading cause of death both in Europe and worldwide. 1, 2 Chemotherapy remains the cornerstone treatment for metastatic colorectal cancer (mCRC). When all metastatic sites cannot be surgically removed, treatment remains palliative and requires different chemotherapeutic protocols. However, the use of palliative systemic chemotherapy dramatically enhances response rates, progression-free survival (PFS) and overall survival (OS). Treatment is currently based on the use of three cytotoxic chemotherapy drugs -fluoropyrimidine, oxaliplatin and irinotecan -combined with targeted therapies (anti-EGFR (panitumumab and cetuximab) or anti-VEGF (bevacizumab or aflibercept) monoclonal antibodies). Regorafenib and TAS-102 have recently been added to the therapeutic arsenal as third line of therapy. 3 Chronic inflammation is recognized as a promoting factor in carcinogenesis and tumor progression. 4 Interleukin-1β (IL-1β) plays a role in chronic inflammation, and tumor growth is encouraged by an overly active IL-1β system. These factors weigh in favor of IL-1β inhibition for cancer prevention or therapy. 5, 6 Recent clinical data has shown that IL-1 β inhibition using canakinumab could prevent lung cancer growth, 7 and another recent trial has underlined that MAbP1, a monoclonal antibody which targets IL1α, improves quality of life and survival in mCRC. 8 Recently we observed that fluorouracil (5-FU) could activate the NOD-like receptor family, the pyrin domain containing 3-protein (NLRP3)-dependent caspase-1 activation complex (termed the inflammasome) in myeloid-derived suppressor cells (MDSCs), leading to IL-1β production, which curtails anticancer immunity. IL-1β was also shown to induce the generation and expansion of T H 17 cells, which could promote tumor growth by favoring proangiogenesis and immunosuppression in a IL-17A dependent manner. 9 Based on this rational we suggested that inhibition of IL-1β could reverse resistance to 5-FU plus bevacizumab therapy in mCRC.
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combination with 5-FU and bevacizumab in mCRC patients refractory to previous treatment with 5-FU and bevacizumab alone or in combination with oxaliplatin or irinotecan.
Methods

Patients
This open-label phase II study investigated the effects of combined 5-FU, bevacizumab and anakinra in patients with pathologically confirmed mCRC disease refractory to standard treatment (Fluoropyrimidine, oxaliplatin irinotecan, anti-angiogenic and anti-EGFR therapies). Notably, we only included patients with progressive disease on Fluoropyrimidine plus bevacizumab based chemotherapy. Patients were screened at Georges Francois Leclerc Cancer Center (Dijon, France) and the Besancon University Hospital (Besancon, France). The main criteria for eligibility were: minimum age 18 years, Eastern Cooperative Oncology Group (ECOG) score of 0, 1, or 2; and adequate hematological profile, renal function and hepatic function. The study was approved by the Burgundy Committee for the Protection of Persons. All patient gave writing inform consent. The trial was registered on ClinicalTrials.gov (Identifier: NCT02090101). The study was stopped after the recruitment of the first 9 patients in order for an external Review Board to evaluate the toxicity and determine the potential treatment benefit versus risk in this patient group. After evaluation, we continued inclusion to a total of 32 patients.
Treatment plan and evaluation
After inclusion, patients were given 2-week cycles of bevacizumab + LV5FU2 (folinic acid + 5-FU) + anakinra. On day 1, patients received bevacizumab 5 mg/kg intravenous infusion over 90 (±15) min followed by 2-hour intravenous infusion of folinic acid infusion 400 mg/m 2 , followed by 5-FU bolus 400 mg/m 2 and then 5-FU continuous infusion 1200 mg/m 2 over 46 hours. Anakinra (100mg) was injected subcutaneously once per day, every day. Treatment was repeated until disease progression or unacceptable toxicity (≥grade 4) were observed. A chest-abdomen-pelvis CT scan was performed every 8 weeks to assay tumor progression. Patients had to have received at least four cycles of therapy to be evaluable. Tumor response was evaluated using CHOI criteria 10 and RECIST 1.1 11 (response evaluation criteria in solid tumors) criteria by computerized tomography (CT)-scan. Patients were followed until tumor progression.
Outcomes
The primary endpoint was the assessment of the response rate after 2 months of therapy using CHOI criteria. CHOI criteria were selected as primary end point because we suspect than chemotherapy combination has mainly antiangiogenic effect. Secondary endpoints were response according to RECIST criteria, tumor control and overall survival rates at 2, 4 and 6 months. The incidence of all AE or SAE, irrespective of the link with treatment, were also analyzed.
Adverse events were graded according to the Common Terminology Criteria for Adverse Events (CTC AE) v 4.0.
Sample size and statistical analysis
Without therapy, an estimated 5% of patients can expect stable disease or response at two months in this context. Consequently, our study needed at least 30 patients in order to show a difference between the standard proportion of 5% (null hypothesis) and the expected proportion of 25% (alternative hypothesis) with α = 0.10 and a statistical power of 90% while using onesided alpha risk. Calculation of the required number of patients was performed using Simon's two-step design. Overall, 32 patients had to be included taking into account the 10% of patients lost to follow-up or prematurely withdrawn from the study. Using Simon's two-step design, an intermediate analysis was performed on the first 9 evaluable patients. If one or more patients were stable or responded to therapy, the study could go on. The final analysis was done on the first 30 evaluable patients and concluded treatment efficacy if 4 or more patients had therapy response or stable disease.
Analyses were performed on the modified intention-totreat population (i.e. patients with at least 4 cycles of therapy). Descriptive analysis was performed using median with range for quantitative variables and percentages for qualitative ones. The median follow-up was determined using the reverse Kaplan Meier method. Survival curves were plotted using the Kaplan Meier. Analyses were performed using SAS 9.4.
Biological analysis
Serum levels for IFN-γ and IL-17A were measured using ELISA (Biolegend) before therapy and after 15 and 30 days. IL-1β (R&D Systems) serum levels were measured before therapy and after 1 day of 5-FU injection. Blood granulocyte, lymphocyte numbers were estimated using complete blood could. Number of monocytic Myeloid-derived suppressor cell (mMDSC) (CD11b
) was determined upon Flow cytometry. mMDSC expression of bioactive caspase-1 was determined by cytometry using FLICA-1 staining. Slices of tissue 4µm thick were cut from formalin-fixed paraffin-embedded specimens. All IHC procedures were performed using a BenchMark device (Ventana Medical Systems) and diaminobenzidine (DAB) for immunohistochemical staining. Once stained and permanently mounted, slides were magnified (x20) and scanned with a Nanozoomer HT2.0 (Hammamatsu). For Il-17a analysis, two physicians analyzed the corresponding files independently. The scores were compared, and a third pathologist reviewed the slides when there were inconsistencies in the initial evaluations. IL17a staining was performed using polyclonal goat antibody AF-317 (R&D).Cytotoxic T-cell infiltrates were evaluated using CD8 labelling with the C8/144B clone (Dako) and analyzed with QuPath software.
Results
Patient population
Between October 6 th , 2014 and May 15 th , 2017, 42 patients were screened: 8 were not retained on the basis of protocol inclusion or exclusion criteria and 2 withdrew consent during the screening period. Overall, 32 patients were enrolled in 2 centers and received at least one dose of therapy. Median follow-up was 8.7 months (CI 1.8-32.9). Median age was 65.6 years (range 41.3-82.0). We included 20 RAS mutated patients, 11 WT patients and 1 BRAF mutated patient. No patients with MSI tumors were included in this clinical trial. Six patients had right-sided colon cancer. Seventeen patients had previously received two lines of therapy and 15 patients 3 lines of therapy or more. All patients previous received antiangiogenic therapies and experiment progression under this treatment. The baseline characteristics of patients with mCRC are listed in Table 1 .
Safety
The adverse events (AEs) reported during the study period were consistent with those typically reported with a regimen of bevacizumab and 5-FU (Table 2) . Therapy-related grade 3 toxicity occurred in 25 patients. No therapy-related grade 4 or 5 toxicity was reported, but one patient died during the protocol. This patient presented a fatal digestive perforation as the result of occlusion due to tumor obstruction. The most frequent grade 3 AEs were neutropenia, diarrhea, high blood pressure and hepatic cholestasis. Only 5 serious AE occurred. AEs resulting from anakinra injections were grade 1 and 2 pains and erythema on the injection site. Overall, 8 AEs led to dose reduction, 7 AEs led to dose interruption, and no patients discontinued treatment because of an AE.
Efficacy
An intermediary analysis was performed after the first 9 inclusions. Six patients had stable disease and one partial response (PR) upon analysis (CHOI criteria). This result allowed us to continue the study and complete the inclusions. Of the 32 patients enrolled, 30 were evaluable. Upon analysis with CHOI criteria, five (15.5%) achieved PR as a best response and 22 (68.5%) patients had stable disease. No patients achieved response with RECIST criteria. However, stable disease was observed in 27 (84%) patients at two months and in 12 (37.5%) of patients, stable disease was maintained 6 months or more. Overall, the target lesion shrunk ≥ 10% according to RECIST in 6 patients (18%). At the end of the study, 26 patients had progressive disease and 14 had died. Median PFS was 5.4 months (95% CI, 3.6-6.6 months), and overall survival was 8.7 months (95% CI, 9-20.6). Eighteen patients in the study were treated for 6 months or more (Figure 1 ).
Biological effect of the therapy
No blood parameter taken as a continuous variable at baseline is associated with PFS. However high number of lymphocyte at baseline is associated with better OS (HR = 0.85; p = 0.01) while high level of granulocyte and mMDSC at baseline were associated with poor OS (HR = 1.11; p = 0.04 and HR = 1.05 p = 0.01 respectively). In mice, 5-FU induces caspase-1 activation and IL-1β release and induces the generation Th17 cells, which is inhibited by anakinra. 9 We observed a significant activation of caspase-1 in monocytic Myeloid derived suppressor cells (mMDSC) and a significant increase of serum IL-1β 24h after the first injection of 5-FU (Figure 2A and B). After 2 cycles of therapy, blood tests showed a significant decrease in mMDSC and granulocytes and a significant increase in lymphocytes ( Figure 2C ). At this time point, we observed a significant increase in IFN-γ and a significant decrease in IL-17A cytokine in the serum (2D, E). High IFN-γ serum level at day 15 is associated with better outcome HR = 0.98, p = 0.02). Ten patients underwent a tumor biopsy 2 months after the start of therapy. Here, we observed an increase in CD8 infiltration after 2 months of therapy (Supplementary figure 1) and a correlation between CD8 infiltration at 2 months and PFS (r 2 = 0.71) ( Figure 2F ). IL-17A staining was also evaluated by semi-quantitative evaluation by pathologists. Only 3 patients had detectable IL-17 labelling in their first biopsy. For these 3 patients IL17A staining was decreased or disappeared in the second biopsy.
Discussion
To our knowledge, this is the first trial to test a combination of anakinra with 5-FU plus bevacizumab in heavily treated mCRC patients. We have reported the safety of the combination therapy as well as the low number of adverse events related to anakinra with exception of skin reaction at the injection site. Toxicity related to 5-FU plus bevacizumab therapy was typical and manageable. The addition of anakinra did not seem to enhance the toxicity of the 5-FU and bevacizumab combination. IL-1α and β are major pro-inflammatory cytokines. In the context of CRC, chronic intestinal inflammation, for example inflammatory bowel disease, is associated with colorectal carcinogenesis. Polymorphisms in IL1B and IL1RA genes, which induce activation of IL-1 pathway, are associated with a higher risk of tumor recurrence. 12 For malignant disease, inflammation signals are essential for tumoral processes such as angiogenesis, remodeling of the tumor stroma, tumor invasion, metastatic spread, and cachexia. IL-1β is predominantly expressed on myeloid lineages within the tumor microenvironment. Conversely, IL-1α is typically expressed by malignant cells. 13 The prooncogenic properties of IL-1α are its capacity to induce activation of NFKB and STAT3 pathways and to promote tumor aggressiveness.
14,15 Neutralization of IL-1α was proposed to have the potential to lessen tumor growth and to reverse or improve debilitating morbidities associated with the disease. MABp1 monoclonal antibody neutralises IL-1α when compared to placebo, and MABp1 has been shown to improve symptoms and quality of life. In an exploratory analysis in a subgroup of patients, the median survival was 6.1 months (95% CI 4.4-7.2) in the MABp1 group compared with only 2.4 months (95% CI 1.9-3.2) in the placebo group, which reinforces the idea that targeting IL-1 pathways is relevant for the treatment of mCRC. 8 So far, no clinical study has tested the therapeutic effect of simultaneous IL1α and IL-1β inhibition in mCRC. While both cytokines interact with the same receptor, is it logical to think that they are complementary, and using anakinra (a recombinant IL1 soluble receptor) is therefore appropriate. Importantly, IL-1β related inflammation is not only dependent on tumor cells because 5-FU promotes the release of IL-1β by mMDSC. 9 In addition, studies in mice have shown that Il-1β favor tumor growth via Th17 generation and production of IL-17A. IL-17A and Th17 were previously described as factors for poor prognosis in human with CRC. 16 Ancillary biological studies in our trial corroborate our preclinical rational. Indeed, Caspase-1 activation and IL-1β release has been observed 24 hours after the first 5-FU injection. We previously observed that 5-FU regimen or FOLFOX regimen 9, 17 prompts the accumulation of Th17 in patients' blood and reduces the number of mMDSC. Immunomonitoring underlines a decrease in the number of mMDSC and the inversion of granulocyte/lymphocyte ratio after therapy. Both mMDSC accumulation and granulocyte/lymphocyte ratio have been associated with poor outcome in mCRC. 17 For cytokines, therapy decreases the level of harmful IL-17A and increases levels of anti-tumoral IFN-γ. We also observed the accumulation of CD8 in the tumor which suggests a positive in situ immune response with T-cell recruitment. The mechanism of IFN-γ increase is not currently explore. We could suspect that NLRP3 activation induce by 5-Fluorouracil would increase in IL 18 or a decrease in IL 18 Binding Protein in addition to IL-1β activation 18 After failure of irinotecan and oxaliplatin based chemotherapy, few therapeutic options are available for mCRC. Regorafenib and TAS-102 demonstrated superiority to best supportive care in phase III trial. For the regorafenib study, median progression free survival was 2.8 months (95% CI 1.4-3.7) versus 1.8 months (95% CI 1.3-1.7), (hazard ratio 0.49; p < 0 · 0001). The median overall survival was 6.4 months (95% CI 3.6-11.8) versus 5.0 months (95% CI 2.8-10.4) (hazard ratio 0.77; p = 0.0052). 19 For the more recent TAS-102, a similar study underlines a median progression-free survival of 2.0 months (95% CI, 1.9 to 2.1) in the TAS-102 group and 1.7 months (95% CI, 1.7 to 1.8) in the placebo group (hazard ratio 0.48; p < 0.001). The median overall survival improved from 5.3 months (95% CI, 4.6-6) to 7.1 months (95% CI, 6.5-7.8) (hazard ratio 0.68; p < 0.001). 20 Our study revealed an impressive survival rate, with a median PFS of 5.4 months (95% CI, 3.6-6.6 months), and overall survival of 8.7 months (range, 1.8-32.9 months). Such data compare favorably to previous phase III clinical trials of third line therapies. However our IRAFU trial was designed as a non-comparative phase 2 trial, and all statistics are therefore exploratory in nature. In addition, we could not exclude the possibility of a selection bias for patients with a better performance status or less heavy treatment were included in contrast to phase III trials. Nonetheless, baseline characteristics from IRAFU and previous phase III trials are very similar.
In conclusion, the IRAFU study reached its objectives which were to demonstrate very good tolerance in mCRC, and to show efficacy with long lasting tumor stabilization. Such data suggest that it would be of interest to test this combination in comparison to TAS-102 or regorafenib in phase III. Biological testing showed that our cases had reduced IL-17A levels, increased IFN-γ release and higher infiltration of CD8, which leads us to the conclusion that the combination of therapies used to treat our patients may led to enhanced checkpoint efficacy. 
